Introduction 35
The dominant pathway for population exposure to nanoparticles is through the 36 inhalation of polluted air. Toxicological studies associate exposure to nanoparticles 37 with adverse health effects (Murr & Garza, 2009 ) and show that a significant number 38 of mortalities may result in megacities (Kumar, Gurjar, Nagpure, & Harrison, 2011) . 1 Nanoparticles readily coagulate with larger sized particles and grow to sizes where 2 their optical properties may adversely affect urban visibility (Horvath, 1994) . They 3 also affect global climate, both through direct optical effects and indirect effects via 4 cloud formation (Buseck & Adachi, 2008) . The main source of primary particles in 5 urban air is vehicle emissions, followed by emissions from industry. Secondary 6 particles, formed through photochemically induced nucleation from gaseous 7 precursors, can dominate concentrations when an episode is in progress (Holmes, 8 2007) . 9
It is important to identify the size range that is most relevant to atmospheric particles 10 from the number concentration point of view. Particles below 300 nm (referred to 11 here as nanoparticles) appear to be by far the most numerous (i.e. over 99% of the 12 total particle number concentrations) in urban atmospheric environments (Kumar, 13 Fennell , showing up to 89% of total particle numbers in 26 the size range below 100 nm. It is important to note that a significant contribution to 27 these concentrations derives from particles below 10 nm that typically arise from 28 secondary formation (Kulmala et al., 2004 
Instruments 40
The generally accepted instrument for measuring particle number concentration 41 is the Condensation Particle Counter (CPC). However, before a CPC-based standard 42 can be proposed, the desired performance characteristics need to be agreed. This 43 mainly applies to the low-size detection cut-off, which itself depends on the particle 44 material, as this affects the condensation of the working fluid around the particle. observed that under certain circumstances the SMPS has the potential to alter the 25 structure of the sampled particles due to the bi-polar charging process it employs in 26 the size classification of the aerosol. All the above observations make judgement of 27 equipment performance for particle size distribution difficult; e.g. in understanding 28 the repeatability and reproducibility of results from different instruments in nominally 29 identical conditions. Ideally, instruments with high sampling frequencies, covering a 30 wide range of particle sizes (from 3 nm to 10 m) and robust enough to operate 31 unattended for long periods at urban monitoring stations are needed at modest cost for 32 widespread deployment to characterise individual and population exposure to 33 nanoparticles at specific sizes in urban environments (Kumar, Robins, Vardoulakis et 34 al., 2010). All these capabilities are not currently met by a single particle monitoring 35 instrument and use of more than one instrument is required to obtain such a 36 combination. 37
Sampling 38
Standardisation of sampling methods and data handling is also essential for 39 improving the reproducibility of measurements. For example, Wiedensohler (2010) 40
proposed methods for particle sampling and humidity control during field 41 measurements. Atmospheric particles can undergo significant hygroscopic growth 42 (e.g. ~1.5 time increase in size) at high (~80%) relative humilities (RH) and 43 maintaining the RH below 40-50% in the sampling system is recommended for 44 determining the physical properties of particles. Other recommendations for sampling 45 methods include the use a separate vertical stack for particle measurements with an 46 high sampling efficiency inlet capable of handling wide range of wind speeds; use of 47 weather and sunlight-resistant, conductive and non-corrosive material for sampling 1 tubes; calibrations of size and flow using latex particles and an independent volume 2 flow meter, respectively; and maintaining a laminar flow within the sampling tubes 3 (Reynolds number ~2000) to avoid losses of particles due to diffusion and turbulent 4 inertial deposition (Wiedensohler, 2010) . Although inertial impaction is in theory only 5 important under turbulent flow conditions and for particles larger than 100 nm (Lee & 6 Gieseke, 1994), particle losses onto the inner surface of the sampling tubes can occur 7 even at low Reynolds number flow in long sampling tubes, as are often required 8 during field measurements, and this can appreciably change the measured number and 9 size distributions. For example, a recent study (Kumar, Fennell, Symonds, & Britter, 10 2008) demonstrated that that the turbulent penetration model of Hinds (1999) 11 described particle losses best, even when the flow within the sampling tube during 12 field measurements was in the laminar region (i.e. Reynolds number ~461). This was 13 presumably due to the formation of secondary flows and other unknown 14 complications. Losses were found to be greatest for particles below 20 nm, due to the 15 higher diffusivity of smaller particles. The study concluded that an in-situ calibration 16 or comparison is prudent to evaluate the losses of particles in any experimental setup. 17
In contrast to vehicle emissions, there is much less intrinsic benefit in removing 18 volatile particles during the sampling process in ambient air. Unless evidence from 19 health effects requires only non-volatile particles to be measured, the aim should be 20 to minimise volatile losses during sampling. In general, this is not a major problem as 21 sampling and measurement do not involve elevated temperatures. 22
Dispersion modelling 23
Several models are currently available for particle dispersion at various urban 24 scales. Validation studies for particle number prediction are not abundant because of the lack 28 of both long-term measurements that include size distributions of nanoparticles and 29 accurate input information (i.e. emission factors, meteorology, local traffic and the 30 geometry of the site, etc.). This limits the use of particle dispersion models, which 31 themselves contain both structural (errors in model formation) and parametric (due to 32 model input parameters) uncertainties (COSTAction732, 2010). For example, 33 Lohmeyer (2001) reported that predictions of gaseous pollutants from different 34 models can vary up to a factor of four for identical conditions, depending on the 35 quality of input information. Moreover, the prediction of particles on a number basis 36 becomes more complicated when removal (i.e. dry or wet depositions) and 37 transformation (i.e. nucleation, coagulation, condensation and evaporation) processes 38 are incorporated into the models. This is because all chemical and physical processes 39
show a strong non-linear dependency on particle sizes, that itself varies over a very 40 wide range. There is limited information available on the removal and transformation 41 processes that occur after the release of exhaust emissions but play an important role 42 in changing particle size distributions at different urban scales (i. greatly help the development of future strategies to reduce concentrations of urban 7 atmospheric nanoparticles. 8
Despite the limitations imposed by available instrumentation, there has recently been 9 a significant increase in the number of studies of urban nanoparticle concentrations 10 and size distributions, though not sufficient to inform regulatory decision making on a 11 particle number basis. Within the United Kingdom, for example, particle number 12 concentration (in the size range from 7 nm up to several micrometers) and size 13 distribution (between about 16 and 600 nm) have been measured continually at 14 several locations for more than 10 years. Typical reported concentrations range from 15 about 5,000 # cm -3 at a rural site to 100,000 # cm -3 at an urban kerbside site 16 (Beccaceci et al., 2010). Such measurements need to become widespread to provide a 17 comprehensive data-base that can be analysed to understand better the effects of 18 meteorology, traffic volume and particle dynamics as a function of nanoparticle size 19 range. Ideally, this would also cover transformation and transport behaviour from the 20 tailpipe-to-roadside-to-urban background and could serve as validation data for 21 performance evaluation of particle dispersion models (Kumar, Robins, Vardoulakis et 22 al., 2010) . It could also be the key to establishing reliable particle number emission 23 factors, one of the most important input parameters for any particle dispersion model. 24 There is currently large associated uncertainty (i. 
Summary and conclusions 31
There is presently no legal threshold anywhere in the world for controlling the 32 exposure of the public to airborne particle number concentrations in the urban 33 environment. There are several reasons for this, including a lack of standardisation for 34 sampling and measurement, as well as a lack of clear epidemiological evidence (Xia 35 et al., 2009 Typical example of particle number, and corresponding mass, distributions in an urban street canyon
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